Introduction
Atomic details of surface structures are of great value for understanding the phase transition, film growth and catalytic reactions on surfaces and clusters. To study surface structures, field ion microscopy (FIM), scanning tunneling microscopy (STM) and high-resolution electron microscopy (HREM) are used increasingly.
In transmission (TEM) and reflection (REM) electron microscopy, surface structures have been seen at monolayer or at atomic-level resolution. Atomic surface steps have been observed first by brightand dark-field imaging[l,21, and atomic-level details, by profile imaging[3-61 and by plan-view imagingf71. Similarly to TEM, observations of surface steps were aimed by REM soon after the innovation of electron microscopes[81, although the observation has become possible after the innovation of ultra-high vacuum(UHV) electron microscopy [ 9 I.
UHV electron microscopy under
Torr has proved to be powerful in REM and TEM modes for studies of clean surfaces and film growth processes[ 10-1 3 I , which have not been observed by electron microscopes of ordinary vacuum of Torr. These woks made by a electron microscope of 100 kV acceleration voltage (modified JEOL 100B) have been extended recently by developing a new high-resolution electron microscope (modified JEOL 2000FXV) . In this paper, recent observations on surfaces done by this new microscope are shown with some new results.
The electron microscope is operated under 10-lo Torr and has insitu deposition facilities. The point-to-point resolution is 0.22 nm at 200kV acceleration, being designed to resolve (111) lattice fringes for most of metals and semiconductors.
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Experimental
Using the new high-resolution electron microscope, following observations have been done on structures and dynamic behaviors of 1 ) Au atom clusters of single to several atoms, 2) reconstructed surface structures on Au(001), (1 10) and (1 1 1 ) surf aces, 3) Si(111)7x7 reconstructed surfaces and phase transition to "1x1" at 830 OC, and 4) thin metal overlayers on Si(ll1) surface. In these works, clean well-defined surfaces were made by deposition to a lateral surface of graphitized carbon film for the observation 1 ) and 2), and of bulk Si surface for the observation 4). Growth processes of atom clusters and metal overlayers on Si surface were recorded on videotapes using TV camera. To improve the images which are recorded every 1/30 sec on video tapes, recursive filtering was done using a image processor (image sigma-11). A part of the results on topic 1) and on 2) are shown. Field desorption experiment of tungsten tips were done using the UHV electron microscope of 100 kV acceleration.
Results and Discussion
Figures from l(a) to l(h) are reproduced from a videotape of gold atomic clusters growing on graphitized carbon. Each dark dot is an image of a few atoms aligned in a row parallel to the incident electron beam, and the fringes appearing at the lower half of each micrograph are lattice fringes of the graphitized carbon which was crystallized from amorphous carbon by strong electron dose given intentionally. The electron beam intensity during the observations was 10 -30 A/cm2.
The above observation have revealed for the first time structures and dynamics of atom clusters which consist of atoms less than 100. Spectacular observations have been made by Iijima and IchihashiL51 for small gold clusters. In their report, dynamic behavior of small atom clusters has been stressed from the observation that a Au cluster with 500 atoms is changed from multiply twinned(MTP1 structure to normal f.c.c. structure on Si02 substrate. In our observation, no such drastic change of the structure was not observed for such large clusters, but most of Auclusters of such sizeshad MTP structureand showed only orientational fluctuation. The drastic change of the structure observed by IiJima and Ichihashi, then, is due to strong electron beam irradiation of 200 A/cm2, which is 10 times stronger than ours.
In the growth process in Fig.1 , a cluster of single dot in (a) was disappeared soon after, while a cluster of double dots in (b) was grown further in (b), (c) and so on. Images of clusters in these figures were selected from hundreds of video frames and have regular arrangements of dots rather than the other frames. From the arrangements of the dots, we surmise three dimensional structures of the clusters ( the electron microscope images correspond to the cluster on an imaging plane perpendicular to the incident electron beam).
The cluster in (h) is an icosahedral cluster ( or a part of an icosahedral cluster ) consisting of 147 atoms. The number of atoms in Fig. 1 
growth p r o c e s s of g o l d c l u s t e r s on g r a p h i t i z e d cabon f i l m . Each d a r k d o t s i s an image o f a f e w a t o m s a l i g n e d a l o n g t h e i n c i d e n t beam d i r e c t i o n . Note arrangements of d o t s .
The f r i n g e s a t t h e l o w e r p a r t o f e a c h f i g u r e a r e l a t t i c e f r i n g e s of t h e g r a p h i t i z e d c a r b o n t s e e ref.161. Fig. 3 Profile image of an gold particle. The right hand side is the (111) pole. the (111) lattice planes normal to the pole are resolved. On the region extended from the pole, the (1 1 1 ) planes are facetted every three. The zig-zag topograph of the surface is the 2x1-reconstructed structure of the (1 10) surface[l8]. -PUMPING each atom row expected from the model structure is indicated in the figure, which agrees well with the order of the contrast of the dots. The cluster in Fig.(g) is considered to be an icosahedral cluster with 55 atoms.
Fig. 2 Atomic arrangement of a n i c o s a h e d r a l c l u s t e r w i t h 55 atoms. Compare t h i s model w i t h
As schematically shown in Fig.2 , the model structure explains the electron microscope image. Structures of clusters in Figs. (f) -(b) are difficult to deduce, except that local arrangements of the dots are well explained by various stacking of an unit of tetragonal cluster, e.g. two tetragonal clusters in twin relation.
Thus, high-resolution electron microscopy can reveal structures and dynamics of atomic clusters and even single atom as reported in ref. 17 . The images, however, give only two dimensional information directly.
For the atomic-level surface study, supplemental information about the number and mass of clusters is needed further. Figure 3 shows a profile image of Au particle grown on a lateral surface of graphitized carbon. The image shows surface topographs of the particle, similar to tips used for FIM study. The curved lines on the lower part of the figure are atomic steps around the (I1 1 ) pole.
The surface of zigzag topographs extended towards the left of the figure has (1 10) orientation. The surface consists of (1 1 1 We see three atomic rows on each facet. This indicates that the surface is reconstructed to 2x1. It is interesting that we can see three dimensional topographs in the image in Fig.3 , which was obtained by the incident beam inclined to the [~I o ] atomic row. This observation suggests a possibility, of TEM studies o n surface structures using a sharp tip similar to FIM study. Figure 4 shows a preliminary study of UHV electron microscope observation of a tungsten tlp. This tip was electrochemically etched by 2-N NaOH solution. In the microscope, the surface of the tip was cleaned by field evaporation. After applying 5.0 kV to the specimen, contamination covering the tip was taken off and the tip was rounded in Fig.(c) .
After applying 7.0 kV in Fig.(d) , the tip radius was changed from 36 nm to 46 nm. The UHV microscope used has only low resolution and atomic details were not seen. This study suggests a combination of EM and FIM (atom probe) would be powerful for analyses of surfaces and clusters at atomic level. In this connection, a combination of EM and STM is also powerful for solving problems in surface science.
Summary
High-resolution UHV electron microscopy is useful for atomiclevel studies of surfaces and clusters. Many applications can be made to surface problems by developing in-situ facilities such as deposition system and by combination with FIM (atom probe) and STM.
